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The Search for New Particles and Forces

Particle Mass

Coupling

Strong 

Weak

EM

MeV GeV TeV

Uncovered

UncoveredOur searches so far 
(with caveats)

This morning: Reasons why we should look here3



A Thermal Origin For Dark Matter

Suppose DM was in thermal equilibrium with SM

DM

DM

SM

SM

Thermal equilibrium will cease when

� < �H

� = n�v

After this point, DM is “frozen out”
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Thermal origin is a broad paradigm  
Suggests non-gravitational interactions between DM and SM

To get today’s observed DM abundance 
we only need

A particle with Weak-scale mass 
that interacts with SM through Z 

gives rate close to this number

h�vi ⇠ 3⇥ 10�26 cm
3

s

Source: Kolb & Turner

A Thermal Origin
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Status of  Dark Matter Searches
10 Direct Detection Program Roadmap 39
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

Light DM that communicates with the SM through a new force remains largely unexplored! 
Two parts: Mediator-SM and DS dynamics 
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Target
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DM
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Two Simple Possibilities

DMPrimarily looked for DM charged under known forces Z,W
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DM

What about the other possibility? 
DM charged under new force DM

New force

Z,WPrimarily looked for DM charged under known forces

Two Simple Possibilities
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A Broader Hidden Sector Paradigm

Beyond the SM physics that lives in a “dark sector”

SM Dark Sector

Mediator

DM is just one example of  new physics that might reside in its own sector

What are the “simplest” (renormalizable) allowed interactions  
between the SM and the DS?

A new force/interaction connects the SM to a Dark Sector (DS)
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The Most Minimal Interactions 

✏⌫Lh 

✏h|h|2|�|2

✏Y B
µ⌫F 0

µ⌫Vector Portal (spin 1)

Scalar Portal (spin 0)

Fermion Portal (spin 1/2)

The symmetries of  the SM greatly restrict the number of  “minimal” interactions 
that can mediate an interaction with a DS

Note: higher-dimensional portals worthy of  study 
e.g. dipole, axion, neutron portal,…
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The Portals

✏⌫Lh 

✏h|h|2|�|2

✏Y B
µ⌫F 0

µ⌫Vector Portal (spin 1)

Scalar Portal (spin 0)

Fermion Portal (spin 1/2)

11



The Vector Portal

Even if  absent from fundamental theory 
the “kinetic mixing term” can be generated  
through virtual effects of  massive particles

A0 B

Induce  ⇠ gDgY
16⇡2

⇠ 10�3

X

Minimal Lagrangian = SM Lagrangian + Dark QED + “Kinetic Mixing”

Holdom - 1985

L � �1

4
Bµ⌫Bµ⌫ � 1

4
F 0µ⌫F 0

µ⌫ � 

2
Bµ⌫F 0

µ⌫ +
1

2
m2

A0A0µA0
µ
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The Vector Portal

SM fermions acquire a small charge 
under a short-range force 

mediated by the “dark photon”!

QD ⇡  cos ✓W e

f

A0

�

While dark fermions remain neutral under EM
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Matter in the Dark Sector

Fermion

Scalar

L � |Dµ'|2 �m2
'|'|2

DSSM

14

L � i ̄(@ + igD /A
0
+ im ) could also allow �yD

2
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Maximizing Our Knowledge

Through a robust experimental program

Two broad categories

Direct detection

Accelerators



Maximizing Our Knowledge

An aside: Direct detection

DM

A0

N/e�

Could teach us

Also can cover unique model space 
e.g. ultralight vector DM

(↵D ⌘ g2D
4⇡

)

⇠ mDM

✏2↵D/m4
A0



Maximizing Our Knowledge

Collider
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Accelerators

e�

e+

�

A0

DM

DM

What can we learn? 
Assuming

✏2

↵D
>⇠ ✏2

mA0



Maximizing Our Knowledge

Fixed-Target Missing Momentum
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Accelerators

What can we learn? 
Assuming

✏2

e�
A0

DM

DM

⇠ mA0
Z

↵D
>⇠ ✏2



Maximizing Our Knowledge

Fixed-Target Beam-Dump
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Accelerators

What can we learn?

⇠ mA0
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers �> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o�-
shell) and b) � scattering o� a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Figure 3: Schematic of the experimental setup. A high-intensity multi-GeV electron
beam impinging on a beam-dump produces a secondary beam of dark sector states. In
the basic setup, a small detector is placed downstream with respect to the beam-dump
so that muons and energetic neutrons are entirely ranged out.

e↵orts to search for dark photons independently of their connection to dark matter,
the success of these e↵orts relies on the assumption that the A0 is the lightest particle
in its sector and that its primary decay channel only depends on ✏. Furthermore, if
the A0 decays predominantly to SM particles, this explanation of the (g�2)µ anomaly
has been ruled out (see discussion in Sec. 5).

If, however, the A0 couples to a light DM particle � (mA0 > m�), then the pa-
rameter space for reconciling theory and experiment with regard to (g � 2)µ remains
viable. For large values of ↵D, this explanation of the anomaly is under significant
tension with existing constraints, but for ↵D ⌧ ↵

EM

this explanation is still viable
and most of the remaining territory can be tested with BDX@JLab (see discussion in
Sec. 5).

In the remainder of this section, we review the salient features of LDM production
at an electron fixed-target facility. Secondly, we give an overview of the status of LDM
models parameter space, and the capabilities of present, and near future proposals
to make progress in the field. Finally, we highlight how BDX uniquely fits in this
developing field.
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m1 < m2

Let’s assume DS matter is a fermion (lesson applicable to spin 0)

Dirac-like matter

�2 is unstableA0

  �1 �2

A0

DSSM

Vector Portal: Majorana-Like DM

Majorana-like matter: mM  ̄
c 6= 0

22

Signature may be absent in direct detection



Kinetic Mixing Portal Model
Fermionic iDM (analogous case for scalar iDM)

Gauge invariance only allows a Dirac mass 
But when symmetry is spontaneously broken can also write Majorana mass

�L � mD⌘⇠ +
m⌘

2
⌘⌘+

m⇠

2
⇠⇠ + h.c.

Start with a Dirac fermion  =
�
⌘ ⇠†

�
charged under a U(1)D symmetry

The vector current is diagonal

J µ =  �µ = ⌘†�µ⌘ � ⇠†�µ⇠



The mass eigenstates

�1 = i(⌘ � ⇠)/
p
2 , �2 = (⌘ + ⇠)/

p
2

now have (dominantly) off-diagonal interactions

J µ = i(�†
1�

µ�2 � �†
2�

µ�1)

�1 �2

A0

Kinetic Mixing Portal Model



Vector Portal: Majorana-Like DM in Massive Phase

A0

�1

�2

Decay of  A’ Decay of  excited state

�2

�1

A0(⇤)

`+

`�
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Phenomenology can be drastically altered



Vector Portal: Majorana-Like DM in Massive Phase
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At Beam-Dump Experiments
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FIG. 6: a) Scalar DM pair production from electron-beam col-
lisions. An on-shell A0 is radiated and decays o� diagonally to
�h,� pairs. b) Inelastic up scattering of the lighter �� into the
heavier state via A0 exchange. For order-one (or larger) mass
splittings, the metastable state promptly de-excites inside the
detector via �h � ��e

+e�. The signal of interest is involves
a recoiling target with energy ER and two charged tracks to
yield a instinctive, zero background signature.
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FIG. 7: a) Scalar DM pair production in electron-nucleus col-
lisions. An on-shell A0 is radiated and decays o� diagonally to
�h,� pairs. b) Inelastic up scattering of the lighter �� into the
heavier state via A0 exchange inside the detector. For order-
one (or larger) mass splittings, the metastable state promptly
de-excites inside the detector via �h � ��e

+e�. This process
yields a target (nucleus, nucleon, or electron) recoil ER and
two charged tracks, which is a instinctive, zero background
signature, so nuclear recoil cuts need not be limiting.

Figure 5: Top: Same as Fig. 2, but for an inelastic Majorana DM scenario in which
the A0 decays to a pair of di↵erent mass eigenstates. The unstable �

2

decays in flight,
so the flux at the detector is dominated by �

1

states which upscatter o↵ electron,
nucleon, and nuclear targets (bottom) to regenerate the �

2

state. Subsequently, the
�
2

promptly de-excites in a 3-body �
2

! �
1

e+e� process, depositing significant ⇠
GeV scale electromagnetic signal inside the BDX detector.

discrepant value of (g � 2) of the muon, in particular the mA0 � m� and ↵D � ✏
regime.

In the following we describe the various searches and comment on their sensitivity.
The paradigm of DM interactions with the SM o↵ers three broad possibilities to search
for it: accelerators, direct, and indirect detection. The first relies on production of
DM, either directly, or through the production and decay of a mediator such as the
A0. The second approach seeks to directly detect the interaction of DM particles from
the halo, as they pass through the earth. In the third, DM annihilation in the early
Universe could a↵ect cosmological observations; or alternatively, in the present day,
DM could annihilate in dense regions such as the center of our galaxy — giving rise
to final state SM particles that one can look for. We briefly discuss previous, current,
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Figure 5: Top: Same as Fig. 2, but for an inelastic Majorana DM scenario in which
the A0 decays to a pair of di↵erent mass eigenstates. The unstable �
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nucleon, and nuclear targets (bottom) to regenerate the �
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state. Subsequently, the
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e+e� process, depositing significant ⇠
GeV scale electromagnetic signal inside the BDX detector.

discrepant value of (g � 2) of the muon, in particular the mA0 � m� and ↵D � ✏
regime.

In the following we describe the various searches and comment on their sensitivity.
The paradigm of DM interactions with the SM o↵ers three broad possibilities to search
for it: accelerators, direct, and indirect detection. The first relies on production of
DM, either directly, or through the production and decay of a mediator such as the
A0. The second approach seeks to directly detect the interaction of DM particles from
the halo, as they pass through the earth. In the third, DM annihilation in the early
Universe could a↵ect cosmological observations; or alternatively, in the present day,
DM could annihilate in dense regions such as the center of our galaxy — giving rise
to final state SM particles that one can look for. We briefly discuss previous, current,
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Production Detection

May be challenging for missing momentum fixed-target 
i.e. DM system is no longer fully invisible
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EI, Krnjaic, Schuster, Toro, PRD (1307.6554),PRD 
(1403.6826) 

BDX Collaboration  arXiv:1406.3028, arXiv:1607.01390

JLab CBAF capable of  delivering 1022  11 GeV EOT/year (!)

Lum up to ~ ab-1/day
experiment because it provides an alternative probe of LDM production and is sen-
sitive to some models that have distinctive signals primarily in nucleon-scattering.
However, backgrounds from cosmic-ray neutrons are expected to limit the sensitivity
in this channel.
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Figure 4: Signal energy distributions of scattered electrons for the two choices of M�

and MA0 . The distributions are based on a simulated population of � particles after
applying geometric acceptance.

To close this discussion of dark matter models and their signals, we comment on
the simple and well-motivated case of majorana LDM with o↵-diagonal couplings.
In this scenario, (a) the electron beam produces �

1

�
2

pairs, (b) for su�ciently large
mass splittings � ⌘ m

2

� m
1

, the �
2

decays to �
1

e+e� inside the detector, and (c)
the �-scattering processes in the detector are inelastic (e.g. �

1

p ! �
2

p), with a
total deposited energy that is often dominated by the energetic e+e� pair from the
subsequent �

2

decay. Like the electron scattering process, this inelastic scattering
signal can be searched for with very low background rates. Fig. 5 illustrates the
production and detection signature of models of majorana LDM.

2.4 Overview of experimental searches

In this section, we discuss current and near future experimental programs and high-
light the uniqueness of BDX at JLab. The search for LDM covers the space rep-
resented by two masses (mA0 and m�) and two couplings (↵D and ✏), an example
of which is shown in Fig. 6. The colored areas have been ruled out by various ex-
periments, but leave open regions which can be probed by BDX. Moreover, Fig. 7
illustrates some of the parameter space in LDM models that can still explain the

16

Signal carries O(1) of  beam energy! 
DM with diagonal (or off-diagonal couplings)

�
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers �> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.

.

A0a)

Z

e�

e�

�

�

p, n

b)

A0

Z

� �

FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o�-
shell) and b) � scattering o� a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Figure 3: Schematic of the experimental setup. A high-intensity multi-GeV electron
beam impinging on a beam-dump produces a secondary beam of dark sector states. In
the basic setup, a small detector is placed downstream with respect to the beam-dump
so that muons and energetic neutrons are entirely ranged out.

e↵orts to search for dark photons independently of their connection to dark matter,
the success of these e↵orts relies on the assumption that the A0 is the lightest particle
in its sector and that its primary decay channel only depends on ✏. Furthermore, if
the A0 decays predominantly to SM particles, this explanation of the (g�2)µ anomaly
has been ruled out (see discussion in Sec. 5).

If, however, the A0 couples to a light DM particle � (mA0 > m�), then the pa-
rameter space for reconciling theory and experiment with regard to (g � 2)µ remains
viable. For large values of ↵D, this explanation of the anomaly is under significant
tension with existing constraints, but for ↵D ⌧ ↵

EM

this explanation is still viable
and most of the remaining territory can be tested with BDX@JLab (see discussion in
Sec. 5).

In the remainder of this section, we review the salient features of LDM production
at an electron fixed-target facility. Secondly, we give an overview of the status of LDM
models parameter space, and the capabilities of present, and near future proposals
to make progress in the field. Finally, we highlight how BDX uniquely fits in this
developing field.
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Abstract

MeV-GeV dark matter (DM) is theoretically well motivated but remarkably
unexplored. This proposal presents the MeV-GeV DM discovery potential for
a ⇠1 m3 segmented CsI(Tl) scintillator detector placed downstream of the Hall
A beam-dump at Je↵erson Lab, receiving up to 1022 electrons-on-target (EOT)
in 285 days. This experiment (Beam-Dump eXperiment or BDX) would be
sensitive to elastic DM-electron and to inelastic DM scattering at the level of
10 counts per year, reaching the limit of the neutrino irreducible background.
The distinct signature of a DM interaction will be an electromagnetic shower
of few hundreds of MeV, together with a reduced activity in the surrounding
active veto counters. A detailed description of the DM particle � production
in the dump and subsequent interaction in the detector has been performed
by means of Monte Carlo simulations. Di↵erent approaches have been used
to evaluate the expected backgrounds: the cosmogenic background has been
extrapolated from the results obtained with a prototype detector running at
INFN-LNS (Italy), while the beam-related background has been evaluated by
GEANT4 Monte Carlo simulations. The proposed experiment will be sensitive
to large regions of DM parameter space, exceeding the discovery potential of
existing and planned experiments in the MeV-GeV DM mass range by up to
two orders of magnitude.

4

BDX Collaboration, arXiv:1607.01390

Figure 8: The possible location of BDX detector at ⇠ 20m from the Hall-A beam
dump.

3 Proposed measurement

The proposed experiment would require a 1 m3-scale detector volume, located ⇠
20 meters downstream of the dump of a high-intensity multi-GeV electron beam,
and could run parasitically. We studied in detail the option of a new underground
facility located downstream of the Hall-A beam dump. See Fig. 8 for a schematic
representation of the experimental setup. BDX will use the electron scattering of a
DM � particle in a state-of-the-art electromagnetic calorimeter with excellent forward
geometric acceptance, to greatly extend dark matter sensitivity beyond that available
to the high threshold/low acceptance E137 setup or to existing proton beam-dumps.
Being also sensitive to low-energy nuclear recoil, BDX will use it as cross check of any
possible findings. The approach makes good use of Je↵erson Lab upgrade to 11 GeV
energies with the new CEBAF scheduled to deliver up to about 65µA currents.

3.1 The Hall-A beam dump

The Hall-A at JLab is expected to receive from CEBAF a 11 GeV electron beam with
a maximum current of about 65µA. The maximum available energy that focus the �
beam towards the detector together with a sizeable current that allows to collect the
desired charge in the shortest amount of time, makes the Hall-A the optimal choice
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Figure 33: Red curves show 3, 10, and 20 event for BDX yield projections for
electron scattering with a 300 MeV energy threshold for thermal relic DM in two
representative scenarios. Top: thermal relic DM coupled to a leptophilic U(1)e�µ

gauge boson (A0). Bottom: here the A0 is a kinetically mixed dark photon coupled
to the electromagnetic current. Here the thermal target — where the model predicts
the correct observed DM abundance — is shown in solid black.
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↵D = ↵EM for the two panels. This choice of m� represents the kinematic limit
beyond which LSND can no longer produce pairs of � via ⇡0 ! ��. Note that for
mA0 < 2m� the dark photon will no longer decay to DM pairs and may be constrained
by visible searches, but this is model dependent.
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Beyond dark photons

Rel
ic D
ens
ity
Fer
mio
n

Rel
ic D
ens
ity
Sca
lar

BaBar

E137

BDX@JLab
1022 EOT

3, 10, 20 events

Bor
exin
o

1 10 102
10-13

10-12

10-11

10-10

10-9

10-8

10-7

mχ [MeV]

y
=
ϵ2
α
D
(m

χ
/m
A
')4

Leptophilic DM, Most Conservative: αD = 0.5, mA' = 3 mχ

Figure 33: Red curves show 3, 10, and 20 event for BDX yield projections for
electron scattering with a 300 MeV energy threshold for thermal relic DM in two
representative scenarios. Top: thermal relic DM coupled to a leptophilic U(1)e�µ

gauge boson (A0). Bottom: here the A0 is a kinetically mixed dark photon coupled
to the electromagnetic current. Here the thermal target — where the model predicts
the correct observed DM abundance — is shown in solid black.
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Figure 30: Red curves show 3, 10, and 20 event BDX yield projections for leptophilic
scenario.

ray backgrounds are denoted by consistent notation. The cosmic-ray background is
estimated from beam o↵ data assuming we have collected four times the amount of
beam on.

Curves on the exclusion plots report the predicted counts by the models described
in Sec. 2. They all include the e�ciency evaluated in Sec. 4.2.3 for the detection of
an electromagnetic shower with energy deposited in the seed crystal greater than 300
MeV. The region on the plots below the curves is excluded at the 2� level when

NModel > 2 �excess ⇠ 11 � 17 counts, (17)

where we have taken

N beam = 8 (18)

N cosmic = 3 (19)

�beam
BG ⇠ (0.5 � 1) ⇥ N beam (20)

The exclusion plots indicate levels of sensitivity between 3 and 20 counts, which span
the expected range given above.
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Conclusions

Kinetic Mixing portal prime for study 
Important theoretical benchmark within reach in next 5-10 years

Various experimental techniques proposed

I’ve tried to highlight the uniqueness of  each (there’s some overlap too) 
focusing on the the strengths of  beam-dump experiments

Discussed the outlook for BDX: a proposal for a beam-dump experiment at JLab
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